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Highlights: 1 
 2 
 Permeate flux and rejection were drastically improved with helical baffle and oscillatory flow. 3 
 Swirling flow prevented foulant from approaching to the membrane surface. 4 
 Unsteady vortex motion disturbed concentration polarization layer.  5 
 Unsteady vortex motion increased shear stress at the membrane surface and removed fouling. 6 
 Filtration performance increased with the increase of oscillatory Reynolds number. 7 
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ABSTRACT 27 
Separation performance of ultrafiltration has been hindered by membrane fouling and concentration 28 
polarization. This study investigated the effect of fluid dynamics induced by the combination of a 29 
helical baffle and oscillatory flow on the performance of a hollow fiber membrane module. An 30 
external pressure type cross-flow filtration was employed and purification of humic acid aqueous 31 
solution was selected as a model case. Normalized permeate flux and rejection were used for 32 
evaluation and compared in the following 4 cases; control, oscillatory flow without helical baffle, 33 
helical baffle without oscillatory flow and combined condition of helical baffle and oscillatory flow, 34 
called oscillatory baffled membrane module (OBMM). As for the OBMM, the normalized permeate 35 
flux could be kept at higher level and the rejection also showed much better performance than the 36 
others. The OBMM could maintain the clean membrane surface though all the other conditions 37 
could not inhibit the humic acid accumulation. These were caused by the vortices and the swirling 38 
flow resulting in the high shear stress and the renewal of the concentration polarization layer by their 39 
mixing effect. Finally, the oscillation conditions were varied and summarized in the oscillatory 40 
Reynolds number, Reo, and the filtration performance was increased with the rise of Reo 41 
corresponding to the intensity of oscillation. 42 
 43 
Keywords (5): Water purification; Mass transfer enhancement; Swirling flow; Oscillatory baffled 44 
flow; Process intensification 45 
 46 
 47 
 48 
 49 
 50 
 51 
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1. Introduction 53 
Ultrafiltration (UF) and microfiltration (MF) hollow fiber membranes are becoming more 54 
popular in water treatment to obtain clear water because of their advantages such as superior water 55 
quality, environmentally friendly, easy control of operation, low cost and easy maintenance [1]. 56 
However, this membrane separation technology has been suffering from the problems of 57 
concentration polarization and fouling. The concentration polarization is the emergence of solute 58 
concentration gradients at a membrane and solution interface resulted from selective transfer through 59 
the membrane under the effect of transmembrane driving forces [2]. The concentration polarization 60 
layer where a higher level of solute nearest to the upstream membrane surface generate can be 61 
described by the mass balance equation [3]:  62 
 

D
kkJ
CC
CC



,exp v
pb
pm
 (1) 63 
where Cm, Cb and Cp are the solute concentration on the membrane surface, of the bulk solution and 64 
of the permeate, respectively; Jv is the permeate flux and k is the mass transfer coefficient; D is the 65 
diffusion coefficient of a solute and  is the concentration film thickness. The high concentration 66 
gradient between Cm and Cp promotes the solute to permeate through the membrane and results in 67 
the reduction of separation efficiency. Besides, the concentration gradient between the feeding and 68 
permeation sides of the membrane also causes an increase of the osmotic pressure gradient in the 69 
membrane, which reduces the permeation flux. A fouling is usually caused by the deposition of the 70 
solute on its external surfaces, at its pore openings, or within its pores due to this high concentration 71 
layer, and leads to the permeate flux reduction. The fouling also leads to the increase of the ability to 72 
reject the foulant due to the pore capacity decline or cake layer formation. 73 
The use of high shear stress on the membrane surface has long been considered as one of the 74 
most efficient ways for increasing permeate flux [4]. The enhanced membrane shear stress generated 75 
at the membrane fluid interface results in a continuous fouling removal of the membrane surface and 76 
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high linear velocity leading to reduction of the concentration polarization layer. Turbulent flow can 77 
mitigate the growth of the cake layer formed on the membrane. However, this is typically 78 
accompanied by high axial pressure drops resulting from the large velocities which could results in a 79 
decrease of transmembrane pressure (TMP) and permeation flux decline with path length. 80 
Intensification of membrane filtration was reported by Gomaa et al. [5] about oscillation of a flat 81 
membrane. Microfiltration of bakers yeast was selected as a model case. The flat membrane was 82 
fixed in the filtration unit by sealing its edges, and was mechanically oscillated along its surface. The 83 
enhanced membrane shear stress generated at the membrane fluid interface resulted in a continuous 84 
fouling removal of the membrane surface and renewal of the mass transfer boundary layer leading to 85 
significant performance improvement. In their later papers, the combined effect of using oscillations 86 
and turbulence promoters (TPs) were investigated [6]. Experiments were performed using surfaces 87 
equipped with both flat turbulence promoters and grooved turbulence promoters. The turbulence 88 
promoters in presence of oscillations has proven effective in enhancing membrane microfiltration 89 
flux and in achieving near self-cleaning conditions with low specific energy consumption. 90 
Oscillatory baffled reactors (OBRs) have received considerable attention as a process 91 
intensification devise to convert batch processes to continuous processes. OBRs can provide plug 92 
flow behavior in the laminar flow regime by interaction between the oscillating fluid and baffles 93 
inserted in the reactor tube. Also, the reactors successfully enhanced heat and mass transfer and 94 
controllable mixing conditions. As for the meso-scale reactor, the bulk flow performance inside the 95 
helical baffle design was compared to other mesoscale configurations, and a high degree of plug 96 
flow performance could be achieved due to the swirling flow motion and vortex generation [7]. In 97 
this study, the oscillatory baffled membrane module using a helical coil was employed as the 98 
potential application for hollow fiber membrane cross-flow filtration processes and the effect of the 99 
oscillatory baffled flow on the filtration performance and the mechanism were investigated by using 100 
dimensionless numbers. 101 
5 
 
 102 
2. Materials and Methods 103 
 104 
 105 
 106 
 107 
 108 
 109 
 110 
 111 
 112 
Fig.1 Schematic illustration of the membrane module with a helical baffle insert and laboratory-scale 113 
membrane filtration apparatus with an oscillator. 114 
 115 
Humic acid is one of the major foulants in drinking water production [8]. Its aqueous solution 116 
was employed as a model case for water purification and its concentration was fixed at 50 mgL-1 117 
(pH = 8.4). The schematic of the experimental apparatus is shown in Fig. 1. A membrane module 118 
consisted of one hollow fiber membrane (Daicen Membrane-Systems LTD. (Product No. FUS1582); 119 
Outer-diameter 0.95 mm; Inner-diameter 0.80 mm; effective surface area 3.310-4 m2; molecular 120 
weight cut off, MWCO, 150,000 Da and 30,000 Da) made of polyethersulfone and housed 121 
concentrically in an acrylic resin cylinder with an inner-diameter of 4 mm and length of 110 mm. 122 
The humic acid aqueous solution was continuously fed into the module with a peristaltic pump at the 123 
flow rate of 0.277 mLs-1 and the purified water permeated through the membrane from the outside 124 
to the inside driven by the transmembrane pressure (TMP) 0.5 bar. A bronze helical coil with a 125 
diameter of 0.85 mm was inserted as the helical baffle in the gap between the hollow fiber and the 126 
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tube. The pitch of the coil was determined to be 6 mm according to the design instruction of 127 
meso-scale oscillatory baffled reactors reported by Phan et al. [9]. An oscillation was added to the 128 
upstream fluid with a piston syringe pump called as “oscillator” which was installed between the 129 
peristaltic pump and the membrane module. The piston of the oscillator moved back and forth to 130 
generate the oscillatory flow in the gap between the membrane and the resin cylinder with the 131 
frequency, f, of 0.1 – 4.0 Hz with triangular wave motion and the amplitude, oscillation volume Vo, 132 
of 0.17 – 1.67 mL. The oscillation volume indicates the volume difference in the oscillator syringe 133 
piston between at the highest and the lowest position.  134 
The permeate flux was evaluated by the normalized permeate flux, J/J0 where J0 was obtained 135 
based on the pure water permeate flux for each membrane to eliminate the individual membrane 136 
variability. Next, separation ability can be generally expressed as:  137 
   
b
p
a p p 1
C
C
R   (2) 138 
m
p
int 1
C
C
R   (3) 139 
The former description of the rejection is called as an apparent rejection factor, Rapp, which expresses 140 
the global ability of the membrane separation. The latter is the intrinsic rejection factor referring to a 141 
local relationship between upstream and downstream which corresponds to the membrane ability for 142 
the separation. In this study, rejection, R, which correspond to the percentage expression of Rapp (%) 143 
was employed for the evaluation.  144 
 145 
3. Results and discussion 146 
3.1 Comparison of the filtration performance for various oscillatory baffled conditions 147 
Fig. 2 shows the time course change of normalized permeate flux and rejection when the 148 
membrane of MWCO 150,000 was used. 4 conditions were compered; (C) is a control condition that 149 
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no baffle was used and no oscillatory flow was added, (O) is an oscillatory flow condition without a 150 
baffle, (B) is a baffled condition without oscillatory flow and (OB) is a baffled condition with 151 
oscillatory flow. The oscillating conditions for (O) and (OB) were identical at f = 3.3 Hz and Vo = 152 
0.167 mL.  153 
 154 
 155 
 156 
 157 
 158 
 159 
 160 
 161 
 162 
 163 
 164 
 165 
 166 
 167 
 168 
Fig.2 Comparison of the time course change of (a) the normalized permeate flux, J/J
0
, and (b) the 169 
rejection, R, during filtration using a PES membrane of MWCO = 150,000 for (C) the control 170 
condition no baffle and no oscillatory flow, (O) oscillatory flow condition without a baffle, 171 
(B) baffled condition without an oscillatory flow and (OB) oscillatory baffled flow. The 172 
oscillating conditions for (O) and (OB) were identical at f = 3.3 Hz and V
o
 = 0.167 mL. 173 
 174 
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 175 
At the initial stage, every normalized permeate flux was high and rejection was low because 176 
there was no foulant on the membrane and pores were not blocked at all. Subsequently the 177 
normalized permeate flux decreased rapidly since the high permeate flux promoted the transportation 178 
of the humic acid to the membrane surface and led to the high accumulation rate. On the other hand, 179 
the rejection was increased due to pore size reduction caused by the fouling. As for the oscillatory 180 
baffled condition, the decrease of the normalized permeate flux was relatively moderate and kept the 181 
flux at the higher value than the others. It was 0.43 and 90% which was about 1.5 times higher than 182 
the others. This is because the interaction between the helical baffle and oscillatory flow generated 183 
vortices around the membrane surface and the vortices caused the high shear stress removing the 184 
foulant. Contrary to the reduction of the foulant accumulation, the rejection could be maintained 185 
higher than the others. The helical baffle was a guide to generate the swirling motion of the fluid 186 
flow in the module [10]. The generation of the swirling flow in the oscillatory baffled reactor with a 187 
helical baffle was reported by Salano et al. [11] though there was no membrane in the center of the 188 
module. The swirling motion has the similar trajectory as the helical baffle configuration and it 189 
assumed to create a stream line in the tangential direction from the membrane surface. This flow 190 
motion prevented the foulant from approaching to the surface, and the concentration increase at the 191 
vicinity of the surface was suppressed as well. It could be observed that the baffled condition 192 
without an oscillatory flow showed the higher rejection than the cases of control and oscillatory 193 
motion without a baffle due to the foulant approach prevention. However, the permeate flux 194 
reduction could not be avoided since the high shear stress caused by the vortex motion was not 195 
generated in these cases. 196 
The outside views of the membrane surfaces were compared for the above 4 cases in Fig. 3. The 197 
control condition couldn’t inhibit the humic acid accumulation and its surface became brown, color 198 
of humic acid, overall. In the case of the oscillatory flow, it was reported that superimposing an 199 
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oscillating onto bulk axial flow in a tube produced a higher velocity profile nearer the wall than the 200 
center-line [12], but the improvement was little and the color of the surface was slightly and partially 201 
lighter than the control. As for the baffled condition without an oscillatory flow, the color of the 202 
surface was brown and almost the same as the control, but the spiral trace of fouling could be 203 
observed. This was caused by the swirling flow generated along the helical baffle. As for the 204 
oscillatory baffled condition, the color of the surface was kept to be white, original color of 205 
membrane, and the spiral trace of fouling could be observed as well. Obviously the inhibition of 206 
fouling was achieved due to the vortices and the swirling flow generated along the baffle.  207 
 208 
 209 
 210 
 211 
 212 
 213 
Fig.3 Photographic images of the PES membrane surfaces (MWCO = 150,000) fouled by humic acid 214 
after 180 min filtration operation in order to compare (C), (O), (B) and (OB) conditions. 215 
 216 
Fig. 4 shows the time course change of normalized permeate flux and rejection when the 217 
membrane of MWCO 30,000 was used. The operation condition was the same as Fig. 2, but the pore 218 
size was smaller and thus the net permeate flux was much lower than the above. Because of the 219 
lower permeate flux, the accumulation of foulant became more difficult to occur. As for the baffled 220 
condition (B), even just the swirling flow generating the streamline in the tangential direction to the 221 
membrane surface could disturb the concentration polarization layer and prevent the formation of the 222 
fouling layer under the lower permeate flux condition. Thus, the normalized permeate flux and 223 
rejection became higher than the control condition. However, in Fig. 5 (B) the effect of the flow in 224 
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the tangential direction appeared locally and the fouling was observed on the membrane with the 225 
spiral trace along the helical baffle, and the local fouling was darker than the control. As for the 226 
oscillatory baffled condition, the normalized permeate flux and rejection improved more than the 227 
baffled condition without an oscillatory flow, and the very clear membrane surface could be 228 
observed in the picture of Fig. 5 (OB). This is because the generation of the vortex motion intensify 229 
not only the flow in the tangential direction but also the shear stress. As a result, the normalized 230 
permeate flux was more than twice as the control and the rejection reached close to 100%.  231 
 232 
 233 
 234 
 235 
 236 
 237 
 238 
 239 
 240 
 241 
 242 
 243 
 244 
 245 
 246 
Fig.4 Comparison of the time course change of (a) the normalized permeate flux, J/J
0
, and (b) the 247 
rejection, R, during filtration using a PES membrane of MWCO = 30,000 for (C), (B) and 248 
(OB) at f = 3.3 Hz and V
o
 = 0.167 mL. 249 
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 250 
 251 
 252 
 253 
 254 
Fig.5 Photographic images of the PES membrane surfaces (MWCO = 30,000) fouled by a humic 255 
acid after 180 min filtration operation in order to compare (C), (B) and (OB) conditions. 256 
 257 
3.2 Effect of oscillatory conditions on the filtration performance 258 
Fig. 6 shows the outside views of the membrane surface at various oscillatory conditions after 3 259 
hours operation. The left pictures are arranged in ascending order of the frequency and the right ones 260 
are in ascending order of the oscillating volume. The frequency and the oscillating volume indicates 261 
how fast the oscillating velocity was and the amplitude of the oscillation, respectively. The larger 262 
frequency and oscillating volume became, the more fouling was suppressed. At f = 1.0 Hz and Vo = 263 
1.67 mL, the surface was white and foulants could be hardly observed on the membrane surface. 264 
 265 
 266 
 267 
 268 
 269 
 270 
Fig.6 Photographic images of the PES membrane surfaces (MWCO = 150,000) fouled by a humic 271 
acid after 180 min filtration operation at the various oscillating conditions (left column) 272 
frequency, f, and (right column) oscillating volume, V
o
. 273 
 274 
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The fluid mechanics in the module can be described by two dimensionless groups, which were 275 
reported by Brunold et al. [13] who followed Sobey's examples and definitions [14], referring the 276 
first group as the oscillatory Reynolds number, Reo. The flow conditions in the membrane module 277 
can be presented as 278 

 Du
Re
p
o   (4) 279 
and the second group as the Strouhal number 280 
p4 u
D
St


  (5) 281 
where up is the pulsating velocity (ms-1); D is the pipe diameter (m);  is the angular frequency of 282 
oscillation (rads-1);  is density (kgm−3s−1) and  is viscosity (Pas). The oscillatory Reynolds 283 
number (Reo) describes the intensity of mixing inside a column, reactor or module. The Strouhal 284 
number is a measure of the effective eddy propagation. If it is too high the vortices will be 285 
propagated into the next baffle cavity [15]. The oscillatory Reynolds number and Strouhal number 286 
were modified for triangular wave motion as 287 

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 (7) 289 
where S is the cross-sectional area (m2) and De is the equivalent diameter (m); f is the frequency of 290 
oscillation (Hz) and xo is the center-to-peak amplitude of oscillation (m) corresponding to Vo/(2S). In 291 
Fig. 7, the normalized permeate flux and the rejection for MWCO 150,000 membrane at 180 min 292 
obtained under the various oscillation conditions were summarized against the oscillatory Reynolds 293 
number, Reo. Both of them were correlated with Reo or increased with the increment of Reo, and 294 
almost identical values could be obtained at the same Reo even when the amplitude and frequency 295 
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were different. Therefore, the high intensity of the mixing by the vortex motion inside of the module 296 
removed the fouling and prevented the concentration polarization effectively. Meanwhile, against the 297 
Strouhal number in Fig. 8 the normalized permeate flux and rejection were increased sharply and 298 
had the peak at 0.05. Over 0.05, the both of the performances were settled to the constant value 299 
along with the increase of St. It means that the effect of vortex propagation worked effectively 300 
around 0.05 and more effect of the vortex propagation could not be obtained over the value. 301 
    302 
 303 
 304 
 305 
 306 
 307 
 308 
 309 
 310 
 311 
 312 
 313 
 314 
 315 
 316 
Fig.7 Influence of oscillatory Reynolds number on (a) the normalized permeate flux and (b) the 317 
rejection after the 180 min filtration operation for the membrane with MWCO 150,000 318 
 319 
 320 
14 
 
 321 
 322 
 323 
 324 
 325 
 326 
 327 
 328 
 329 
 330 
 331 
 332 
 333 
 334 
 335 
 336 
Fig.8 Influence of Strouhal number on (a) the normalized permeate flux and (b) the rejection after 337 
the 180 min filtration operation for the membrane with MWCO 150,000. 338 
 339 
The highest results of normalized permeate flux and rejection were 0.69 and 99%, respectively as 340 
far as they were restricted in the conditions of this study. The normalized permeate flux 0.69 was 341 
almost doubled compared to the control and the reduced performance from the initial state was only 342 
0.31. Moreover, the rejection was almost 100 % could be achieved only by using the fluid motions 343 
under the laminar flow regime.  344 
 345 
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4. Conclusions 346 
This study investigated the intensification of the filtration performance with the hollow fiber 347 
membrane module utilizing the combination of the helical baffle and the oscillatory flow. The helical 348 
baffle generated the swirling flow resulting in the tangential direction flow from the membrane 349 
surface. This could suppress the approach of the humic acid to the membrane surface and reduce the 350 
concentration polarization effect. When the oscillation was added to the upstream flow, the vortices 351 
appeared between the baffle and enhanced the tangential direction flow for the renewal of the 352 
concentration polarization layer and the shear stress at the membrane surface for the removal of the 353 
fouling. As a result, higher permeate flux and rejection could be achieved than the other three 354 
conditions. The frequency and amplitude were varied and summarized in Reo, which indicated the 355 
intensity of mixing in the module, and thus the permeate flux and rejection drastically increased with 356 
the increase of Reo. In addition, they showed the optimum value around St = 0.05, which indicated 357 
that the effect of vortex propagation worked effectively around 0.05. At the optimum operation 358 
condition, the normalized permeate flux of 0.69 and the rejection of 99% could be achieved while 359 
0.30 and 80% for the baffled condition without the oscillatory flow. 360 
 361 
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Figure captions 415 
Fig.1 Schematic illustration of the membrane module with a helical baffle insert and laboratory-scale 416 
membrane filtration apparatus with an oscillator. 417 
Fig.2 Comparison of the time course change of (a) the normalized permeate flux, J/J0, and (b) the 418 
rejection, R, during filtration using a PES membrane of MWCO = 150,000 for (C) the control 419 
condition no baffle and no oscillatory flow, (O) oscillatory flow condition without a baffle, 420 
(B) baffled condition without an oscillatory flow and (OB) oscillatory baffled flow. The 421 
oscillating conditions for (O) and (OB) were identical at f = 3.3 Hz and Vo = 0.167 mL. 422 
Fig.3 Photographic images of the PES membrane surfaces (MWCO = 150,000) fouled by humic acid 423 
after 180 min filtration operation in order to compare (C), (O), (B) and (OB) conditions. 424 
Fig.4 Comparison of the time course change of (a) the normalized permeate flux, J/J0, and (b) the 425 
rejection, R, during filtration using a PES membrane of MWCO = 30,000 for (C), (B) and 426 
(OB) at f = 3.3 Hz and Vo = 0.167 mL. 427 
Fig.5 Photographic images of the PES membrane surfaces (MWCO = 30,000) fouled by a humic 428 
acid after 180 min filtration operation in order to compare (C), (B) and (OB) conditions. 429 
Fig.6 Photographic images of the PES membrane surfaces (MWCO = 150,000) fouled by a humic 430 
acid after 180 min filtration operation at the various oscillating conditions (left column) 431 
frequency, f, and (right column) oscillating volume, Vo. 432 
Fig.7 Influence of oscillatory Reynolds number on (a) the normalized permeate flux and (b) the 433 
rejection after the 180 min filtration operation for the membrane with MWCO 150,000. 434 
Fig.8 Influence of Strouhal number on (a) the normalized permeate flux and (b) the rejection after 435 
the 180 min filtration operation for the membrane with MWCO 150,000. 436 
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